Abstract-A novel high-frequency driving scheme was proposed in this paper to improve the luminous efficiency of a plasma display. High-frequency oscillating waveform was applied to the address electrodes of the conventional three-electrodes ac-type plasma display panel during the sustaining period. More vacuum ultraviolet rays were generated by the high-frequency waveform so that the luminance and luminous efficiency could be enhanced. From experiments on an 8.5-in panel, the luminance was improved and the luminous efficiency was enhanced more than 40%.
I. INTRODUCTION
T HE PLASMA display panel (PDP) is one of the most promising large size wall-hanging flat panel displays in the near future, which is especially suitable for HDTV. It is praised for its large size ( in), wide viewing angle (larger than 160 ), long life, light weight, thinness ( cm), fully digital display, no radiation, and the like. However, the luminance and luminous efficiency of the conventional ac-PDP are still rather low. Much work has been done to improve the luminance and luminous efficiency recently, but more enhancements are necessary for PDP to become a competitive product on the market. From the structure and lighting mechanism points of view, these needed enhancements can be achieved through the better design of cell and electrode geometries [1] , [2] , compositions of the gas mixture [3] , materials of phosphors, driving circuit [4] , and driving waveform [5] - [9] . Each fashion has its own applicability and different level of improvement, and some of them can possibly be combined to gain higher luminous efficiency. In this paper, we proposed a novel driving waveform to achieve higher luminous efficiency without changing the cell geometries, gas mixture, and materials of phosphors. In this way, PDP could consume less power but generate more visible light.
Recently, the radio frequency plasma display panel (RF PDP) has been developed. It has been verified that higher luminance and luminous efficiency can be achieved by high-frequency driving. To realize the RF PDP, however, the cell geometry should be redesigned, such as the height of barrier rib and the configuration of electrodes. In addition, a 40-in diagonal PDP driven by an RF signal with a frequency of about 40 MHz has an overall phase difference of 1, which is much larger than 10 of an ac PDP driven by a signal with a frequency of several tens of kHz [10] . This suggests that the design of RF PDP must consider the issues of impedance matching and signal reflection carefully. Moreover, for commercial applications of high-frequency driving PDP, sufficient voltage margin should also be guaranteed. The cross section of a typical discharge cell in a surface discharge type three-electrode ac-PDP and the lighting mechanism shown in Fig. 1 are well known. On the front plate, there are the X-electrode and the Y-electrode, serving as sustaining electrodes, and an intrinsic capacitor is formed between X-and Y-electrodes. On the back plate, the A-electrode operates as address electrode and there is also an intrinsic capacitor between A-electrode and X-and Y-electrodes. So, the panel is modeled as a capacitor.
Most ac-PDPs adopt address-display-separation (ADS) driving scheme, as shown in Fig. 2 . Each subfield contains reset period, addressing period, and sustaining period. During the reset period, a very high voltage is applied to all the X-electrodes, and an identical initial condition for all the cells is obtained. In the addressing period, with the scan pulse on Y-electrode and the data pulse on address electrode, the wall charge in each cell is properly controlled according to the image to be displayed. Finally, during the sustaining period, sustaining pulses are alternatively applied to the X-electrodes and Y-electrodes, and sustaining discharge will take place in cells with proper wall charge.
In this paper, a novel driving scheme with high-frequency oscillating waveform on the address electrodes during the sustaining period is presented. Under experiments on an 8.5-in panel, the luminance is improved and the luminous efficiency is enhanced more than 40%. Moreover, for the stable driving and commercialization of high-frequency driving PDP, driving voltage margin were also checked.
II. PRIOR APPROACH
Address RF-sustain separated (ARS) driving scheme had been proposed to improve the luminance and luminous efficiency [7] , [8] . The ARS driving scheme is similar to ADS driving scheme except for the RF sustaining pulses, as shown in Fig. 3 . However, the ARS driving scheme needs an extra RF electrode for every display line and an RF generator to generate RF oscillating waveform. It is not applicable to the present PDP with conventional structure.
III. PROPOSED DRIVING WAVEFORM
Basically, the ADS driving scheme is adopted with the reset period and addressing period acting in the same way as conventional ac-PDP. During the sustaining period, a high-frequency oscillating waveform is applied to the A-electrodes instead of the usual constant dc voltage while ac sustaining pulses for Xand Y-electrodes remained unchanged. The proposed driving waveform as well as the amplitude of each applied voltage is shown in Fig. 4 .
In color PDPs, energy loss occurs in various ways, such as the low capture rate of the UV photons by the phosphor, low conversion ratio of photon energy to visible light, and the low proportion of the visible light that leaves the display from the front side, etc. [11] . However, major energy loss arises in discharge itself, and only about 10% of the electrical input energy is used for emitting VUV. The proposed driving waveform is aimed to emit VUV more efficiently. As we know that, collisional excitation, de-excitation, and inter-level transition play important roles in determining the VUV emission characteristics [12] . The production of Xe P by the electron collision process is essential in the consequent atomic emission of VUV. So, in the proposed driving scheme, in the cells that sustaining discharge takes place, the oscillating electric field drives the space charges back and forth to increase the probability of collision between particles in the space before they are converted into wall charges due to the strong field between the sustaining electrodes, as shown in Fig. 5 . More collisions result in more VUV, and more visible light is then generated. The luminous efficiency is further improved.
Shown in Fig. 6 is the designed driving circuit to produce the high-frequency oscillating waveform for address electrodes. The panel is represented by the equivalent capacitor C, between A-electrode and X-and Y-electrodes seen from the A-electrodes. First, turn on the high-side switch (MH), and the panel is charged through the inductor L. When the panel is charged to VD, turn off the high-side switch and then turn on the low-side switch (ML). At this moment, C and L form a series-resonant tank and produce the oscillating waveform for the address electrodes. We can change the oscillating frequency by varying the value of L. IV. EXPERIMENTAL SETUP An 8.5-in panel with 500 torr Ne-Xe (5%) gas mixture was utilized for experiments. The dimensions of the single pixel comprised of the red, green, and blue cells are 1.08 mm in width and 1.08 mm in length. The discharge volumes for the red, green, and blue cells are separated by the symmetric striped barrier ribs with a height of 100 m. The thickness of dielectric layer and MgO layer is 30 m and nm, respectively. In order to compare the effect of different oscillating frequencies on luminance and power consumption, we lit up the panel with only sustaining period waveforms, as shown in Fig. 7 . In this way, the sustaining electrodes (X-and Y-electrodes) and the address electrodes (A-electrodes) were shorted together, respectively, as shown in the experimental setup of Fig. 8 . The luminance and IR were measured by using a colorimeter and a large-area photoreceiver. The value of currents supplied by the power supplies was also recorded so as to calculate the power consumption except for the current flowing into the address electrodes. The magnitude of the current of the address electrodes was obtained by using the statistical tool of the oscilloscope. The frequency of the ac sustaining pulses was about 50 KHz, and an energy-recovery sustaining driver with discharge current compensation [4] was utilized.
The amplitude of the oscillating waveform generated by the address electrode driving circuit would decay gradually due to the parasitic resistance inevitably. In order to keep on oscillating during the whole sustaining period, we recharged the panel periodically. That is, we recharged the panel once every sustaining pulse. Moreover, in order to reduce the interference between the address electrodes and the sustaining electrodes, we synchronized the rising edges of the recharging pulse and the sustaining pulse. The experimental waveform is shown in Fig. 9 .
V. RESULTS AND DISCUSSIONS
The frequency of the oscillating waveform applied to the address electrodes was changed and the luminance was measured. The magnitudes of currents provided by the power supplies were also recorded so as to calculate the power consumption by multiplying the value of current and voltage. The experimental recordings and calculated luminous efficiency were shown in Table I .
Referring to Table I , it was verified that the panel driven by high-frequency oscillating waveform on the Address electrodes could show higher luminance and luminous efficiency. And the higher the oscillating frequency was, the higher luminance and luminous efficiency we got. This tendency could easily be seen in Fig. 10 . Fig. 10(a) shows the relationship between the luminance and luminous efficiency and the oscillating frequency, and Fig. 10(b) shows the percentages of efficiency enhancement compared with conventional driving scheme. From them, we could find that the improvement of the luminous efficiency compared with conventional driving scheme was more than 40%. So, we could infer that the panel driven by high-frequency oscillating waveform on the address electrodes could show higher luminance than conventional ones with less power consumption. Furthermore, the higher the oscillating frequency was, the less power the panel consumed. Fig. 11 shows the IR waveforms emitted from the 8.5-in panel adopting the proposed driving scheme and the conventional one. Fig. 12(a) shows the real currents of address electrodes before and after the panel was lit up, and Fig. 12(b) is the discharge current of X-and A-electrodes. It is obviously in Fig. 11 that the peak value of IR waveform in the case of high-frequency driving scheme is higher than that of conventional ADS driving scheme. It means that more VUV was generated to emit more visible light. From the current waveforms of Fig. 12(a) and (b) , we can find that the amplitude of current swing of address electrodes while discharge was smaller than that before discharge. In addition, the magnitude of the current of the address electrodes is still much smaller than that of sustaining electrodes. The drivers of X-and Y-electrodes supplied the discharge current, not the driver of A-electrode. In other words, the discharge was con- fined to surface discharge between the sustaining electrodes. The high-frequency oscillating waveform on address electrodes drove the space charges back and forth to increase the probability of collision between particles in the space before they were converted to wall charges due to the strong field between the sustaining electrodes.
Since the discharge was confined to surface discharge between the sustaining electrodes, the equivalent capacitor C in the designed driving circuit for address electrodes of Fig. 6 would not vary significantly with load conditions. Therefore, the percentage of luminance enhancement would not differ much in most load conditions.
From the viewpoint of PDP driving, a sufficient driving voltage margin is very important, especially in high-frequency driving PDP. The static voltage margin for the high-frequency driving on address electrodes relative to the conventional one was shown in Table II . When the oscillating frequency of address electrodes was about 1.3 or 1.6 MHz, the voltage margin was small. That is, the voltage margin would be slightly reduced from dc case when the oscillating frequency was not high enough. And then it would be sufficient when the oscillating frequency was beyond certain value, which was determined by the structure and dimensions of the discharge cell and gas mixture. We could also find that the higher the oscillating frequency was, the larger the voltage margin would be. 
VI. CONCLUSION
The effects of the high-frequency oscillating waveform, which is applied to the address electrodes during the sustaining period, have been investigated by experiments on the 8.5-in panels. We have two important results: 1) the luminance is shown to be higher; and 2) the luminous efficiency is improved more than 40%. Sufficient voltage margin was also guaranteed. So it is the authors' belief that the luminance and luminous efficiency can be improved by the proposed high-frequency driving scheme.
ACKNOWLEDGMENT
The 8.5-in panel was provided by AU Optronics. The authors would like to acknowledge those supporting us during this paper.
Yi-Mei Li was born in Nantou, Taiwan, R.O.C., in 1976. She received the B.S. degree in electrical engineering in 1999 from National Taiwan University (NTU), Taipei. She is currently pursuing the Ph.D. degree in electrical engineering at NTU. Her research is currently focused on the improvement of luminance and the luminous efficiency of ac plasma display panels. Since 1987, he has been with the Department of Electrical Engineering, NTU, where he is presently a Professor. His current research interests lie in the areas of analysis, design, and application of power electronics converters and the control circuitry for plasma display panels. Since 2001, he has been with AU Optronics, Hsinchu, Taiwan. His research is currently focused on the driving techniques of ac plasma display panels.
Chern-Lin Chen

Horng-Bin Hsu
